Background
Introduction
Parasitic infections such as Plasmodium present a major public health problem among children in Africa [1, 2] and its coexistence with Soil Transmitted Helminth (STH) infections is common [3, 4] . Multipasitism is a norm among children in developing countries including United Republic of Tanzania [5, 6] . It is defined as a concurrent infection in a single host with two or more species whereas monoinfection consists of only one infection from a single species [7] . Variety of environmental and host related factors can influence the structure and dynamics of the parasite communities which make up these multiple infections [8] [9] [10] . These conditions include poverty, environmental contamination with infected faeces containing helminth eggs, water bodies, lack of effective preventive measures [11] and immunity of the host. In addition, overlap of Plasmodium infection and other pathogens depends on the conditions that favour multiple parasitic species survival and transmission such as exposure related risk and within host interactions between co-infecting species [3, 11, 12] . There is mounting evidence indicating that helminth infections increase susceptibility to Plasmodium infection [13] [14] [15] . On the other hand, some studies showed that specific STH like Ascaris lumbricoides are protective against Plasmodium disease and its severe manifestations [16] . Previous epidemiological studies have shown coexistence of Plasmodium and helminth infections with spatial heterogeneity in their distribution [3, 4, 6, 17] . In Tanzania, cross-sectional surveys conducted among school and preschool children showed that multiple parasitic infections are common [5, 6, 17] . Study by Kinung'hi et al showed that the prevalence of malaria parasites tended to increase with increasing number of co-infecting helminth species as compared to helminth free children although the difference was not statistically significant [6] .
In Tanzania, global strategies to control malaria are being conducted by the National malaria control program (NMCP) via Long Lasting Insecticide Impregnated Nets (LLINs), Intermittent Preventive Treatment in Pregnancy (IPTp) and prompt treatment with artemether/ lumefantrine. The helminth control is done via mass drug administration (MDA), chemotherapy based morbidity control campaigns. The planning for prevention and control program are designed to focus on a single infection approach despite occurrence of co-infections [18] . There is an underestimation of the burden of infection and lack of understanding how these parasitic infections interact [18] . This underlines the importance of investigating the epidemiology of co-infections in different geographical locations where different pattern of infections are expected. In the present study we aimed to determine the relation between Plasmodium and STH co-infections among children aged 2 months to 9 years living in Bagamoyo district, coastal region of Tanzania. Knowledge of the magnitude and on the common risk factors for co-infections should guide the development of focused integrated control programs targeting multiple infections endemic in each country.
Materials and Methods
Reporting of the study follows STROBE checklist (Strengthening the Reporting of Observational studies in Epidemiology) [19] .
Ethics statement
The study was conducted under the IDEA study protocol which was approved by the institutional review boards of the Swiss Tropical and Public Health Institute (Swiss TPH; Basel, Switzerland) and the Ifakara Health Institute (IHI; Dar es Salaam, United Republic of Tanzania). The ethical approval for the conduct of the study was granted by the Ethikkomission beider Basel (EKBB; Basel, Switzerland; reference number: 257/08) and the National Institute for Medical Research of Tanzania (NIMR; Dar es Salaam, United Republic of Tanzania; reference number: NIMR/HQ/R.8a/Vol. IX/1098).
The local district, community, school teachers and health authorities were informed during sensitization meetings about the purpose, procedures, risk and benefits of the study prior to the start. Written informed consent was obtained from the parents/guardians of children prior to study procedures after explaining them to the group. Illiterate parents/ guardians were asked to bring witness who participated within the discussion prior to obtaining their thumbprints and witness signature. Participants infected with helminth and/or malaria or other medical conditions received appropriate treatment/referral according to the national treatment guidelines of Tanzania.
collaboration with the Bagamoyo District hospital (BDH) officials to ensure quality health care delivery using its research platforms. The BRTC study area covers about 1160 square kilometres. The eastern border of the study area is formed by the Indian Ocean, with the Ruvu river forming part of the western and northern borders. The area extends for approximately 7 km on either side of a road running westwards for 62 kilometres. To the south is an uninhabited forest reserve. According to the 2012 Tanzania National Census, the population of the Bagamoyo District was 311,740 which can be reached by dirt road throughout the year; all are within an hour drive [20] .
The main rainy season is from March to May, with a second period from November to December, although occasional rain occurs at all times of the year. Average rainfall is 1200 to 2100 mm per year. There is year round grassland vegetation or subsistence agriculture throughout the study area. According to meteorological statistics the average temperature for the region is about 28°C. Majority of the people are either subsistence farmers who cultivate rice, maize and cassava, or fish from the sea or the Ruvu River and its tributaries. Agriculture employs 76% of the population [20] .
The survey was conducted in the western rural area including hamlets within the villages of Kiwangwa, Msata, Mkange and Magomeni. The settlements are located about 20 to 60 km from Bagamoyo town. The inhabitants of the villages are mainly smallholder farmers engaged in food crop production such as pineapples, cassava, maize, vegetables and in fishing and salt mining. The prevalence of malaria within the western study area is still high compared to Bagamoyo town with seasonal variations secondary to malaria interventions through research and Tanzania National Malaria Control program (NMCP) [21] . Research on malaria drugs and vaccine have been conducted in Bagamoyo town since 2005 through IHI and its collaborative partners. The rural water supply is mostly from dams and ponds [22] highly contaminated with fecal coliform bacteria [23] . Eighty four percent of the communities have soil based latrines [22] . The latter resemble to simple pit latrines but without floor nor hygiene cover slab, nor lid covering the hole.
Study design
The study is part of the IDEA project, an African-European Research initiative, funded by European community, with the aim of dissecting the immunological interplay between poverty related diseases (malaria, TB and HIV) and helminth infections [24] . The present community cross-sectional survey was conducted at the start of the IDEA malaria project to provide baseline data to inform further prospective immune-epidemiological studies of malaria infected individuals.
Participant recruitment and sample collection
Study population included a random sample of healthy children as regarded by their parents/ guardians, aged 2 months to 9 years inclusively, whose parents/guardians where informed about the study through Village Health Care Workers (VHCW) and agreed to come for screening at the meeting points. The villages were purposely selected based on the environmental conditions favouring both malaria and helminth survival and transmission. In the malaria arm, a sample size of 100 children with asymptomatic Plasmodium parasitemia was required. The malaria prevalence being 10% within the study area [25] , we enrolled about~1000 children from the community survey [26] . Standardized questionnaires were used to collect information on demographics, vital and clinical signs and symptoms to ensure that they were free of common diseases at that point in time. Parents or guardians where asked about interventions implemented within the Tanzanian National program, namely the use of long-lasting impregnated bednets (LLINs) and prior anti-helminth treatment. Participant recruitment and data collection was done between July 2011 and November 2012 covering an entire year and thus including seasonal variation [26] .
All children had a finger prick to obtain about 1ml of blood which was collected in an Ethyl Diamine Tetra acetic Acid (EDTA) tube for malaria slide and full blood count which were performed at the main BRTC laboratory. Malaria rapid diagnostic test (SD BIOLINE, SD standard diagnostics, inc.Korea) and hemoglobin level using HemoCue hemoglobinometer (EKF diagnostic GmbH, Germany) were done in the field for inclusion/exclusion criteria and immediate management of the children with malaria and severe anemia.
Additionally, each participant was provided with i) two clean containers (100mls) for stool and urine samples ii) a plastic pocket with an adhesive tape (50 x 20mm) and a glass slide. All labelled with participant identification number. Parents/guardians were instructed on how to apply the adhesive tape and advised to collect sufficient amount of fresh stool and urine. The filled containers and adhesive tape slide were collected by the VHCW at a predefined meeting point in the village centre, the next day before noon and submitted to the Helminth Unit (HU) of the BRTC where all stool and urine samples were examined by experienced technicians.
Diagnosis of Plasmodium infection
Thick and thin blood films were prepared, air dried and Giemsa stained for detection and quantification of malaria parasites according to the IHI laboratory Standard Operating Procedures (SOP). To detect malaria parasites, 200 fields were examined. Parasite density expressed per μl of blood was calculated by multiplying a factor of 40 to the number of parasites counted, assuming 8,000 leucocytes per μl of blood [27] . All slides were read by two independent qualified technicians. In case of discrepancy between two readers, a third reader was requested. The final result was the geometric mean of the two geometrically closest readings out of the three. For cases of positive/negative discrepancy the majority decision was adopted. If the test results were positive, the final one was then taken as the geometrical mean of the two positive results.
Diagnosis of helminth infection
Duplicate Kato-Katz thick smear slides using a 41.7 mg template, adhesive tape slides, Baermann and FLOTAC methods were used to diagnose intestinal helminth [28] . Microhaematuria was examined using a dipstick (Hemastix; Siemens Healthcare Diagnostics, Eschborn, Germany) and for S. haematobium eggs by urine filtration (hydrophilic polycarbonate membrane filter; pore size 20 micron, diameter 13mm; Sterlitech, Kent, WA, United States of America). Binax NOW Filariasis rapid immunochromatic test (ICT) card (inverness medical professional diagnostics; ME; United States of America) was performed at the HU to detect W. bancrofti antigen using whole blood All Kato-Katz thick smear, adhesive tape and urine filtration slides were stored in boxes and 10% of slides re-examined for quality control by the senior experienced personnel after 3-6 months [28] .
Data management and statistical analysis
The helminth species specific results derived by each method were entered into an electronic data base using Microsoft ACCESS 2010. Double entry of the clinical and laboratory data was done using the DMSys software (FDA approved for ICH/GCP clinical trials). The two datasets were transferred into STATA format merged and cleaned. Data analysis was performed using STATA version 11.0 software (Stata Corp LP; College Station, Texas, USA). For duplicate Kato-Katz methods, the average of the two slides multiplied by a factor 24 was done to obtain egg per gram of stool (EPG). S. stercoralis and E. vermicularis intensity expressed as larvae counts and number of eggs counted respectively. Helminth infection intensity was categorized according to WHO criteria [29] .
To investigate the relationship between Plasmodium and helminth, only the children who had both Plasmodium and helminth results were included. Table 1 defines the terms used in the analysis for easiness of interpretation. Geographical information system (arcgis 10) was used to map the distribution of Plasmodium and helminth monoinfections/co-infections among children in the coastal region of Bagamoyo. Harmonization of the identified hamlets within the studied villages was achieved using the known registered villages and hamlets/streets names from the Tanzania shape file (http://openmicrodata.wordpress.com/2010/12/16/ tanzania-shapefiles-for-eas-villages-districts-and-regions/). Hamlets with low numbers (less than 10) were systematically merged to the nearest hamlet within the same village. Baseline characteristics were presented within age groups (children less than 3 years, preschool children aged 3-5 years and school-aged children from 6-9 years). The categorization was chosen to explore the age dependency variability considering the ongoing malaria and mass drug administration helminth programs with different approaches based on age, mainly focusing on under five and above five years of age. Crude odds ratios (ORs) including 95% confidence interval and p-values were calculated for variables potentially associated with infections/co-infections. To investigate risk factors, different models were explored with all Plasmodium, Plasmodium monoinfection, helminth mono-and mixed infections, and Plasmodium + helminth co-infections. The association between helminth species and Plasmodium infection was explored to further study co-infection patterns. Variables that were associated in bivariate analysis with a p-value level of < 0.05 were considered in multiple logistic regression models. The association between Plasmodium and helminth co-infections was subsequently investigated using negative binomial regression estimation after comparing the conditional means and variances of variables, all variances greater than means signifying over dispersion of data. To further investigate the age dependency relationship, Mantel-Haenszel stratified odds ratios (ORs) were conducted.
A more detailed description and analysis of the helminth distribution is provided in the published paper [26] .The present one focuses on the relationship of soil transmitted helminth (STH) and Plasmodium as prevalence of other helminth like W. bancrofti and S. hematobium were low among the studied children. Results
Baseline characteristics of the study participants
A total of 1033 children were recruited. Of these, 41 (3.9%) did not submit stool samples which left 992 children as study analysis population (Fig 1) . Demographic characteristics and intervention coverage are described in 
Distribution of infections
Prevalence of Plasmodium, helminth and co-infections are shown in Fig 1 and followed by hookworm 60 (6.1%) and S. stercoralis 42 (4.2%). The prevalence of Plasmodium, STH and co-infections increased with age, older children were mostly affected (Fig 2 and 3A and Table 3 ). This was especially true for the most prevalent infections, namely E. vermicuralis and hookworm infections, co-infected or not with Plasmodium (Fig 3B and 3C) . The only exception was the prevalence of S. stercoralis monoinfection which was slightly higher in children below five years of age (Table 3 and Fig 3D) . Co-infection with Plasmodium and S. hematobium was found in two children (0.2%) and co-infection with Plasmodium and T. trichura in only one child (0.1%), all above five years of age. Two children (0.2%) had positive ICT for W. bancrofti infection. Fig 4 shows administrative map of Tanzania locating Bagamoyo district within coastal region and the spatial distribution of monoinfection/co-infections prevalence in the four villages studied namely Kiwangwa, Mkange, Msata and Magomeni. Spatial heterogeneity of infection prevalence was observed between and within villages. Fig 5 shows the distribution of monoinfection and co-infections among the hamlets of the four studied villages. There were significantly different prevalences of helminth ranging from 44.7% in Mkange to 26.3% in Kiwangwa. The prevalence of Plasmodium infection ranged from 15.4% in Kiwangwa to zero in Magomeni village, with co-infection prevalence being higher in the hamlet of Kiwangwa, Kiwangwa Msinune (p = 0.028), Kiwangwa Bago and Mkange Matipwili (Table 4 and Fig 4  and 5) . Table 5 . The risk of Plasmodium, STH and Plasmodium STH co-infections increased with age, with older children (>5 years) being more affected compared to younger children (<3 years and 3-5 years). The differences were statistically significant by bivariate and multivariate negative binomial regression analysis (Tables 4 and 5 ). Overall there was an age pattern for Plasmodium to be associated with STH [multivariate negative binomial regression [IRR = 2.9, 95% CI (1.7-5.1)], which was more marked for S. stercoralis [IRR = 3.9, 95% CI (1.2-13.1)], and especially in young children. Mantel-Haenszel stratified ORs (Table 6 ) indicated that the risk of Plasmodium infection with S. stercoralis was higher among younger children aged below 3 years (stratum specific OR = 9.2, 95% CI (0.8-105.5) when exploring for confounding effect of age groups (M-H adjusted OR = 2.2, 95% CI (1.1-4.3), p = 0.0266; homogeneity of ORs, 
Mixed helminth infection Compared to the results with other type of STH, S. stercoralis infection showed increased risk of Plasmodium among younger age group but the homogeneity test suggests no difference in the odds between age groups. In addition, children who were not attending school although they should have according to their age had increased risk of Plasmodium and co-infections by bivariate analysis although the statistical association was lost in a multivariate analysis. Male and female children were equally affected ( Table 4) .
The geometric mean Plasmodium parasite count decreased with age as shown in Table 3 . Most of the studied children had low intensity helminth infections. Moderate and heavy STH infections intensity were noted among older children. Generally, there were no significant correlation between Plasmodium and STH densities. There was a trend for a negative correlation between Plasmodium parasite density and S. stercoralis larvae count (r = -0.0786, p = 0.8082) and a positive correlation with a hookworm (r = 0.2123, p = 0.5560) and E. vermicularis (r = 0.0418, p = 0.7095) infections.
Discussion
The current study provides baseline epidemiological data of Plasmodium and STH infections in the whole population of children, including the young ones who are rarely surveyed for the latter. To increase sensitivity, different diagnostic methods for helminth infection were used including adhesive tape slides for E. vermicularis and Baermann technique for S. stercoralis. This enabled us to have full range of helminth pattern within the area where malaria transmission occurs throughout the year and National malaria and helminth control programs are undertaken. Results show that infection with Plasmodium, STH and co-infections are common among children aged below five and above five years living in Bagamoyo district, Tanzania. Despite high coverage of LLINs (above 80%), pockets of Plasmodium infection remain in west side areas like Kiwangwa compared to Magomeni village which is closer to Bagamoyo town where malaria prevalence was documented to be low [21] . This spatial variation could be explained by behavioral factors such as outdoor activities, coverage and effective use of LLINs in the Magomeni village and easy access to health care and hence effective treatment. The geometric mean Plasmodium parasite count decreased with advancing age as expected in most of the malaria endemic countries in relation to development of antimalarial specific immunity [30, 31] but the malaria infection prevalence increased with age. These findings may be an indication of a shift of Plasmodium infection towards older age group as observed in Muheza district, Tanzania [32] and other parts of Africa [33] [34] [35] where malaria transmission tends to decline and acquisition of immunity is thus delayed. Prevention strategies need thus to take into account the older age group too in the momentum of malaria elimination [36] .
The association of STH and Plasmodium infections highlights the extent of the burden of parasites in older age groups. Our results show a definite increase of parasite prevalence, especially STH, with age, as do most of the previous studies [5, 6, 17, 37, 38] . The prevalence and pattern of co-infections observed in Bagamoyo differ from those reported in Magu [6] and Mvomero districts [17] , Tanzania. Our results show lower prevalence of helminth and Plasmodium helminth co-infections with predominance of E. vermicularis, hookworm and S. stercoralis. The method of detection might be the reason for these differences. Indeed, we used adhesive tape slides for E. vermicularis and Baermann technique for S. stercoralis together with Kato-Katz technique, which detected these specific worms, mostly missed in other surveys. Factors such as exposure and intervention coverage may also explain the types of helminth infection isolated and high prevalence in Magu and Mvomero districts. In Tanzania, published reports on mass drug administration (MDA), mostly under National Lymphatic Filariasis Elimination Program (NLFEP), have shown coverage to fluctuate [39] and its effectiveness to vary depending on the chemoprophylaxis used and duration between cycles [40, 41] . The uptake variations could results into persistence of parasites in certain areas and subgroups. In this study, an increased risk of STH, Plasmodium and co-infections was observed among the school-aged children who were not schooling. These may have missed the opportunity to be dewormed, either at school level or within the under-fives program. These children may also be exposed to other risk factors in the environment, or behave differently in terms of sanitation and hygiene. The latter have not been assessed in the present study, which represents a definite limitation. Such a burden in this age group is not only deleterious for them but also acts as a reservoir of infection within the population [42] . Co-infection patterns increased with age as predicted from the age specific prevalence rates by the simple probability model except for S. stercoralis co-infection. The exposure of S. stercoralis and Plasmodium co-infections was significantly different from the other species of helminth. The results show that children with S. stercoralis had twice the risk of Plasmodium infection, with even higher odds among children below 3 years of age, as compared to those with other species of STH. This observation requires further exploration as reports on the age Note: Density of parasitemia was defined as: Low density parasite <5000/μL and high density 5000/ μL CI, confidence interval; OR, odds ratio profile for S. stercoralis infection are rare and still conflicting [43] [44] [45] [46] . A study done in Côte d'Ivoire showed that hookworm and S. stercoralis had an almost parallel shape of age prevalence pattern [38] , but it did not stratify the <5 children into smaller age categories. This could be the reason for the masked trend compared to what was observed in the present study where a negative correlation between S. stercoralis larvae and Plasmodium parasitemia was shown compared to positive correlation with hookworm and E. vermicularis, although not significant. The observed relation between Plasmodium and S. stercoralis infection may arise due to biological associations, whereby S. stercoralis being an early life and chronic infection, starts in the first years and persists through older aged groups promoting establishment and/or survival of Plasmodium infection potentially through Th2 lymphocytes immune modulation [47] . It has been repeatedly shown that hookworm tends to exaggerate Plasmodium infection but knowledge on the immunomodulation with S. stecoralis co-infection is still scarce. Depending on the pro and anti-inflammatory responses mounted within the host, immune response could either promote or inhibit Plasmodium infection [16, 47, 48] . The equilibrium with S. stercoralis could have been maintained through its intrinsic characteristic to persist for many years in asymptomatic immunocompetent host surviving through low grade autoinfection cycles [47] . In this study, children were not tested for HIV infection which is among the risk factor for S. stercoralis hyperinfection syndrome [49] [50] [51] . The immaturity and predominance of Th2 response among younger children could also explain the increased risk of Plasmodium co-infection with S. stercoralis [52] . 
Plasmodium and Helminth Co-infections
Heterogeneity of infection prevalence within and between villages indicate that other factors apart from biological association determine the co-infection patterns. Behavioural such as outdoor activities and walking barefooted, sanitation, hygiene and socio-economic factors could explain the variations [38] . Considering the type of STH species isolated and their modes of transmission, exposure factors conducive to both parasites are suspected to be main contributors of Plasmodium and STH co-infections within the studied population [11] . Previous studies done within Bagamoyo district in 2004 suggested that availability of safe water is a serious problem with public health consequences [22] . Up to 40% of people reporting water to be not easily accessible [22] and 70.8% of the water sources were contaminated with fecal coliforms [23] . The situation has not much changed, at least in the rural areas, just few kilometers from the Bagamoyo town. Recent studies conducted within the area showed high rates of water contamination [53, 54] . Both hookworm and S. stercoralis are transmitted via skin penetration in poorly maintained latrines and sites of promiscuous defecation. As of E. vermicularis direct transfer of eggs into mouth, inhalation and retroinfection are possible in areas of poor hygiene and scarcity of water [55, 56] . All these could contribute to high reinfection rates [57] and persistence of chronic infection post treatment.
Overall, the results of this study demonstrate that both Plasmodium and STH exhibit marked age dependency in infection patterns. In main land Tanzania, control program against helminth has been implemented through expanded program of immunization (EPI) using mebendazole or albendazole among <5 years children and community based Global Program to Eliminate Lymphatic Filariasis (GPELF) using ivermectin plus albendazole among schoolaged children and adult population. Under five years children have been targeted by interventions against malaria via antenatal and later postnatal programs where LLINs are distributed. Generally, school-aged children have been rather neglected and therefore not well covered by The test compares whether there is significant difference between age group specific ORs (homogeneity of the stratum ORs), hence whether the overall adjusted OR is valid.
both control programs. In the current study, the heaviest load of helminth infection was detected among children aged above five years underlying the importance of deworming program to be focused on this age group as suggested by the WHO in order to reduce morbidity and transmission of helminth [29] . Integrated control approaches emphasizing on health education, improvement of environmental sanitation and hygiene coupled with improved housing and access to water, chemoprophylaxis [29, 42] and LLINs distributions are required considering the pattern and types of infections within the area to interrupt transmission of both STH and Plasmodium among both the school-aged children but also the under-fives. Frequent and effective antihelminth administrations at least twice a year with a drug like ivermectin which has shown to reduce both helminth and malaria transmission could be prioritized to reduce the burden of co-infection in school-aged children [58] . Potential safety and additional impact of ivermectin to reduce malaria requires further exploration considering the risk of co-infection early in childhood with S. stercoralis [58] . The risk of Plasmodium with S. stercoralis infection among young children requires more investigation to better understand this singular interaction.
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